This study provides the first characterization of early developmental trajectories of corpus callosum (CC) segments in rhesus macaques using noninvasive MRI techniques and assesses long-term effects of neonatal amygdala or hippocampal lesions on CC morphometry. In Experiment 1, 10 monkeys (5 males) were scanned at 1 week-2 years of age; eight additional infants (4 males) were scanned once at 1-4 weeks of age. The first 8 months showed marked growth across all segments, with sustained, albeit slower, growth through 24 months. Males and females had comparable patterns of CC maturation overall, but exhibited slight differences in the anterior and posterior segments, with greater increases in the isthmus for males and greater increases in the rostrum for females. The developmental changes are likely a consequence of varying degrees of axonal myelination, redirection, and pruning. In Experiment 2, animals with neonatal lesions of the amygdala (n = 6; 3 males) or hippocampus (n = 6; 4 males) were scanned at 1.5 years post-surgery and compared to scans of six control animals from Experiment 1.
. Given that most of the functions supported by the CC undergo significant changes from birth to adolescence, effort has been made in the last two decades to trace the normative development of the CC in humans and several nonhuman primate species, using longitudinal design with noninvasive structural MRI and density tensor imaging (DTI) techniques. In humans, sharp increases in midsagittal area of the CC have been reported between 5 and 18 years, and particularly in its most posterior segment, the splenium (Giedd et al., 1996 (Giedd et al., , 1999 Luders, Thompson, & Toga, 2010) . A similar developmental course was recently reported in chimpanzees between 6 and 54 years (Pan troglodytes) (Hopkins & Phillips, 2010) , baboons (Papio Hamadryas) from prenatal age to postnatal week 32 (Phillips & Kochunov, 2011) , bonnet macaques (Macaca radiata) from juvenile age to adults (Pierre, Hopkins, Taglialatela, Lees, & Bennett, 2008) , and capuchin monkeys (Cebus paella) from 4 days to 20 years (Phillips & Sherwood, 2012) . In rhesus monkeys (Macaca mulatta), Franklin et al. (2000) used structural MR images to measure the total surface of the CC on the midsagittal axis as well as the area of the splenium in male and female rhesus monkeys from 8 months to 7.2 years of age. They reported a steady increase in CC surface area until 4.5 years, with males having 20% larger CC than females, mostly in the splenium subregion. More recently, Knickmeyer et al. (2010) traced brain development in rhesus monkeys from 10 to 64 months of age and reported a steady increase in CC volume within this age range that parallels steady changes in DTI properties in the genu and splenium during this period (Shi et al., 2013) .
None of these studies, however, investigated the developmental trajectory of the CC in early infancy in monkeys. Given the early manifestation of disorders such as autism spectrum disorder (ASD) and Williams Syndrome (WS) and the challenges associated with studying brain development during this early developmental period in humans, characterizing early brain development in rhesus monkeys is an important component of advancing our understanding of neural malformation and dysfunction associated with human neurodevelopmental disorders. Thus, to fill this gap of knowledge, the first aim of the present study investigated the developmental trajectory of the CC in rhesus monkeys from birth to age 2 years, using structural MR imaging.
The development of the CC has also been shown to be sensitive to early brain insult and changes in surface area and white matter integrity have been associated with several developmental disorders in humans, such as ASD (Aoki, Abe, Nippashi, & Yamasue, 2013; Frazier & Hardan, 2009; Freitag et al., 2009; Travers et al., 2012) and WS (Luders et al., 2007) . These neurodevelopmental disorders have been consistently associated with behavioral abnormalities, increased stress and anxiety, and impairments in social communication and cognitive functions (Brock, Brown, & Boucher, 2006; Sampaio, Sousa, Férnan-dez, Henriques, & Gonçalves, 2008; Vicari, Brizzolara, Carlesimo, Pezzini, & Volterra, 1996; Volkmar, Lord, Bailey, Schultz, & Klin, 2004) as well as dysfunction of the limbic structures, such as the amygdala and/or the hippocampus (Allely, Gillberg, & Wilson, 2014; Bauman & Kemper, 1985 Capitão et al., 2011; Haas et al., 2014 elucidated. An essential step in understanding the effect of early limbic dysfunction on the integrity of different neural networks is to characterize morphological changes associated with early limbic disturbances. Although neither the amygdala nor the hippocampus send interhemsipheric projections directly via the CC, both structures are heavily connected with cortical regions that have dense interhemispheric connectivity via the CC, such as the prefrontal, cingulate, parietal, and temporal cortices. Characterizing the effect of early limbic disruption on CC size may help elucidate the relationship between CC disruption and developmental disruptions of the limbic system. Thus, the second aim of this study was to investigate changes of the CC in juvenile monkeys that had received lesions of the amygdala and hippocampus in the first week of life. Preliminary reports of the findings were published in abstract form (Cirilli, Payne, & Bachevalier, 2009; Payne, Machado, Jackson, & Bachevalier, 2005) . 
| MATERIALS AND METHODS

| Subjects
A total of 26 rhesus monkeys (Macaca mulatta; 13 males) were used in this study (19 Experiment 1 and 18 in Experiment 2; see below). All monkeys were born at the Keeling Center for Comparative Medicine and Research in Bastrop, Texas and surrogate-peer reared at the University of Texas Health Science Center in Houston, Texas in a socially enriched nursery environment to promote species-specific socioemotional skills (Burbacher et al., 2013; Goursaud & Bachevalier, 2007; Rommeck, Capitanio, Strand, & McCowan, 2011) . The animals also served as control subjects for multiple experiments of memory, emotional reactivity, social behavior, and reward assessment that occurred concurrently with the present study and thus received extensive cognitive enrichment.
| Surrogate peer-rearing conditions
A principal human caregiver provided care of infants 6 hr a day, 5 days a week. During weekends, familiar human caregivers fed, handled, and played with the infants 2-4 hr a day. Infants were individually housed in size-appropriate wire cages under open radiant incubators that allowed physical contact with animals in neighboring cage(s), and visual, auditory, and olfactory contact with all other infants in the nursery. Each infant was provided a synthetic plush surrogate (30 cm in length) and cotton towels for contact comfort. Infants interacted multiple times a day with age-matched peers while their home cages were cleaned and the plush surrogates and cotton towels were changed. Beginning at 1 month of age, which allowed for sufficient healing from surgery, infants socialized daily with three other age-and sex-matched peers in a large play cage, containing toys and towels, located in the primate nursery (3-4 hr, 5 days/week). At 3 months of age, infants were transferred to larger cages and individually housed with a large central mesh separating two adjacent cages that allowed visual and physical contact possible between pairs of infants. They were socialized in a large enclosure with three other matched peers containing toys and blankets. At 7 months of age, monkeys were housed in quads in large enclosures and beginning at 12 months, they were housed in pairs. During this first year, monkeys were also trained in several memory tasks and tested for emotional reactivity. Our surrogate-peer rearing is analogous to the "continuous rotation peer rearing" condition known to produce a biobehavioral profile that is most comparable to those of mother-reared monkeys (Rommeck et al., 2011 Nine male and ten female rhesus monkeys were used in this experiment. Ten animals (five males) received multiple imaging sessions (range: 2-9 scans) between 1 week and 2 years of age.
Five of these animals received sham-operations (described below in Experiment 2) and five were unoperated controls. An additional unoperated control (female) was scanned once at 7.5 months of age.
Eight monkeys (four males) were scanned once within the first month of life (of these, five [three males] received neonatal neurotoxic lesions of the amygdala or hippocampus; described below in Experiment 2). A total of 66 scans (30 scans of nine males; 36 scans of ten females) were used to assess CC growth.
| MRI acquisition
A full description of the scanning procedures is available in our assessment of the volumetric maturation of the total cerebrum, amygdala, and hippocampus in these animals (Payne, Machado, Bliwise, & Bachevalier, 2010) ; therefore, only a brief account is provided here. Animals between 1 week and 8 months old were removed from their cage and sedated with isoflurane (1-2% to effect) in an induction box. Animals older than 8 months were immobilized with ketamine hydrochloride (10 mg/kg) prior to transport from home cage. All animals were intubated to allow for isoflurane anesthesia during the scan, brought to the MRI facility, and placed in a nonferrous stereotaxic apparatus (Crist Instruments Co., Inc., Damascus, MD).
Scans were acquired in a GE Signa 1.5 Tesla Echo Speed scanner (GE Medical Systems, Milwaukee, WI) using a circular surface coil (3″ for animals less than 1 month, 5″ for animals older than 1 month). A 2D high resolution T1-weighted imaging spin-echo sequence (TR = 450 msec, TE = 11 msec, FOV = 12 cm, acquisition matrix = 256 × 192) was obtained in the sagittal plane at 4 mm intervals. The surface area of the CC was assessed on the midline slice of the sagittal scan and the surface area of the entire midsagittal slice was also measured as an estimate of total cerebral volume. (5) posterior midbody, (6) isthmus, and (7) splenium
| Surface area measurements
| 497
CC boundaries
The midsagittal image was used to trace the CC boundaries. Following the segmentation paradigm described by Witelson (1989) and used by Giedd et al. (1996 Giedd et al. ( , 1999 , the CC was segmented into seven subregions (rostrum, genu, rostral body, anterior midbody, posterior midbody, isthmus, and splenium; Figure 1b ,c). Surface area was recorded for each segment and summed to obtain the total CC area. Linear and curvilinear (quadratic, cubic, and power) patterns were first modeled with Age, Sex, and MSA (centered separately for males and females to reduce nonessential colinearity). F-tests and log-likelihood ratios were used to determine whether a linear, quadratic, cubic, or power relationship best described the data. All trajectories were modeled including the MSA in order to represent the unique growth of each region.
| Data analysis
| Results
A scatterplot representing the raw data for the CC surface area is illustrated in Figure 2 , and modeled developmental trajectories are presented in Figure 3 . Multiple functions adequately characterized the growth trajectories for all the regions assessed; however, the power function provided the best characterization of the data in each case, and therefore is the only function represented graphically and described below.
For the CC as a whole, there was a significant effect of Age (F(1,52.784) = 153.280, p < 0.0001) that was best explained by the function y = 31.745 x 0.1633 ( Figure 3a ). Total CC surface area increased substantially (113.53%) between 1 week and 2 years of age and is characterized by a period of rapid growth until approximately 7.5 months of age, at which point the rate of growth begins to level off ( Figure 3b ). operations at 8-10 days of age (n = 3; one male) or were un-operated controls (n = 3; two males).
| MRI-guided surgery
A full description of all surgical techniques has been published in previous reports (Goursaud & Bachevalier, 2007; Kazama, Heuer, Davis, & Bachevalier, 2012; Zeamer, Heuer, & Bachevalier, 2010) . 
| MRI measurements
Previous reports on these animals (Goursaud & Bachevalier, 2007; Zeamer et al., 2010) have fully characterized the extent of damage estimated from FLAIR images acquired one week after surgery that allow for the visualization of the edema associated with cell death following ibotenic acid lesions. These reports showed that the lesions were largely as intended with minimal unintended damage. Since group comparisons in this study were completed on scans acquired . Arrow indicates the age at which differences between two adjacent data points did not substantially differ, and thus represents the approximate age at which growth leveled off. Middle panels represent the modeled developmental trajectory (c) and tangent line slope (m) values (d) for the modeled function for the individual callosal segments. Bottom panels represent the developmental trajectories modeled separately for males and females for the rostrum (e) and isthmus (f). All modeled trajectories include MSA to account for differences in overall brain size. Rost body = rostral body; ant mb = anterior midbody; post mb = posterior midbody approximately one year after surgery, the percent of volume reduction was calculated using the T1-weighted coronal sequence acquired in the same scanning session. A rater blind to experimental group measured the CC surface area using the procedure described above in Experiment 1 and the volumes of the amygdala and hippocampus with ImageJ software (http://rsb.info.nih.gov/ij/) using our previously reported procedure (Payne et al., 2010) . Briefly, bilateral surface area measurements were taken on each image throughout the extent of the structure. The measured surface area of each section was summed and multiplied by image thickness to calculate a total volume of damage (Gundersen & Jensen, 1987) . The percent reduction for each case was then calculated using the following formula:
[100-volume/average control volume]*100.
| Data analysis
Group differences were analyzed separately (CONT vs. NEO-A ibo or CONT vs. NEO-H ibo ) for the Total CC and the seven individual segments, correcting for overall brain size (as estimated by the MSA).
Because previous studies indicate that males and females may exhibit differences in brain size, as well as the sex differences noted in Experiment 1, sex was included as a factor in the comparisons between group CONT and group NEO-A ibo . Sex was not balanced across group NEO-H ibo (four males, two females), therefore sex differences were not assessed in the comparisons between group CONT and group NEO-H ibo . Differences in Total CC area were assessed using a 2 × 2 ANCOVA with Group (CONT and NEO-A ibo or NEO-H ibo ) and Sex (male, female) as between-subjects factors and midline surface area as a covariate. Differences across individual segments of the CC were assessed using 2 × 2 MANCOVAs, with planned comparisons. Partial
Correlation tests were used to assess the relationship between extent of lesion and CC surface area, controlling for overall brain size.
2.6 | Results 2.6.1 | Volume reduction assessment Table 1 provides a summary of the volume reduction across all cases.
The average combined amygdala volume reduction observed within group NEO-A ibo was 31.0%, and the average combined hippocampal volume reduction observed within group NEO-H ibo was 42.3%.
| Effects of lesions on total CC 2.7.1 | Effect of neonatal amygdala damage
Groups NEO-A ibo and CONT did not differ in total CC surface area (F (1,7) = 0.573, p = 0.474; η p 2 = 0.076; Figure 4a ) and males and females did not differ (F(1,7) = 1.422, p = 0.272; η p 2 = 0.169). There were no correlations between total CC surface area and amygdala volume. 
| Effect of neonatal hippocampal damage
| Effects of lesions on CC segments 2.8.1 | Effect of neonatal amygdala damage
Group differences were observed when the surface areas of the individual CC segments were analyzed (see Table 2 ). Specifically, compared to group CONT, group NEO-A ibo had a larger rostral body (F(1,7) = 7.553, p = 0.029; η p 2 = 0.519; Figure 5b ) and posterior midbody (F(1,7) = 6.057, p = 0.043; η p 2 = 0.464; Figure 5c ). There were no significant sex differences at any segment.
| Effect of neonatal hippocampal damage
Compared to group CONT, group NEO-H ibo had a larger rostrum (F(1,9) = 6.021, p = 0.037; η p 2 = 0.401; Figure 5a ) and a tendency for a larger isthmus (F(1,9) = 3.983, p = 0.077; η p 2 = 0.307; Figure 5d ). Sex differences were not assessed in this group.
| DISCUSSION
These experiments demonstrate that early maturation of the rhesus CC is detectable with structural MRI and shows marked increases in all CC segments throughout the first 8 months with sustained, yet reduced, growth thereafter through 24 months. Additionally, neonatal 
| Developmental trajectory of the CC
Our results further the current understanding of CC maturation in rhesus macaques using structural MRI. Franklin et al. (2000) reported a positive correlation between CC size and age between 1 and 5 years.
Knickmeyer et al. (2010) demonstrated linear growth in CC white
matter between 10 and 64 months. Unlike these previous reports, our study captures the early maturation of the CC beginning at one week of age. The inclusion of these earliest time points drives the identification of the rapid development until around eight months (younger than the earliest age in previous studies) followed by an extended period of slower, yet sustained, growth (corresponding to the development observed in previous studies). Our data parallel earlier electron microscopic analyses during fetal and early postnatal ages (LaMantia & Rakic, 1990a ) that demonstrated an overproduction of CC axons at birth that are then eliminated during the first postnatal months.
Our study is the first description of developmental trajectories for the CC regions in rhesus macaques. The individual CC segments exhibited similar patterns as the total CC and parallel the changes reported in humans (Luders et al., 2010) . Although MRI cannot parse out the contributions of biological mechanisms on the CC size, variation in CC size is likely the consequence of varying degrees of axonal myelination, redirection, and pruning. Males and females had comparable maturation across most segments, but showed slight differences in the rostrum and isthmus, such that females showed more robust areal increases in the rostrum and males showed more robust increases in the isthmus. Although sex differences have not previously been reported and need to be verified in a larger cohort, the observed differences align with observations of maturational sex differences in abilities associated with the prefrontal cortex (main fibers of passage through the rostrum) (Unterrainer et al., 2013) and the parietal and temporal cortices (main fibers of passage through the isthmus) (Rosselli, Ardila, Maute, & Inozemtseva, 2009 ).
| Effects of neonatal amygdala and hippocampal lesions
The results of the second experiment highlight the relationship between the CC and limbic areas. Although there were no differences in the size of the total CC across groups, early damage to either the amygdala or hippocampus had long-lasting effects on the size of unique segments of CC that represent functional and structural domains. Previous work has shown that including measurements from additional slices adjacent to the midsagittal slice can increase the ability to detect group difference in the CC (Wade et al., 2013 ).
Although the current study minimized movement and standardized the angle of the midsagittal slice with sedation and stabilizing and centering the animals' heads in a stereotaxic apparatus, the inclusion of additional slices should be used in future investigations. The current data demonstrate subtle differences in CC areal abnormalities following neonatal lesions of the amygdala or hippocampus, and are consistent with findings that prenatal stress, which alters the development of the limbic structures, results in altered CC size in rhesus macaques (Coe, Lulbach, & Schneider, 2002; Howell et al., 2013) . This suggests that focal damage to one structure participating in an intricate neural network may have widespread and long lasting repercussions in other areas.
Whereas total CC surface area in animals with neonatal amygdala lesions was in the normal range, analyses of separate CC segments revealed moderate but significant increases of the rostral body and the posterior midbody. Although the amygdala does not directly project to the motor or premotor cortices, it has strong interconnections with the cingulate motor cortex, both its anterior (M3) and mid-posterior (M4) regions (Gothard, 2014; Morecraft et al., 2007; Paus, 2001) . In turn, these cingulate motor areas innervate the frontal motor and premotor cortex. Thus, neonatal amygdala lesions may have impacted the normal development of the cingulate motor cortex, which in turn resulted in abnormal maturation of the motor and premotor interhemispheric projections through the rostral body and posterior midbody CC subregions.
Neonatal hippocampal lesions altered different CC segments.
Although the total CC surface area in animals with neonatal hippocampal lesions did not differ from control animals, there was a Insausti & Amaral, 2008; Lavenex, Suzuki, & Amaral, 2002; Rosene & Van Hoesen, 1977; Ungerleider, Gaffan, & Pelak, 1989) , which send interhemispheric projections through rostrum and isthmus subregions of the CC, respectively (Schmahmann & Pandya, 2006; Witelson, 1989) .
It is interesting to note that both types of neonatal lesions resulted in increased surface area of specific CC segments. Although the precise processes by which this increase has occurred cannot be determined by the present study, increased CC white matter may have resulted from increased myelination, abnormal axonal redirection and/ or decreased pruning of the interhemispheric fibers. Further postmortem morphological investigations will be needed to determine which of these processes may have accounted for the changes observed.
Alterations in human CC size have been associated with impaired social (Alexander et al., 2007) and cognitive (Alexander et al., 2007; Just, Cherkassky, Keller, Kana, & Minshew, 2007 , Just, Cherkasskey, Keller, & Minshew, 2004 Koshino et al., 2008) functioning, two domains associated with the amygdala and hippocampus. Therefore, it
is not surprising that animals with neonatal amygdala lesions and those with neonatal hippocampal lesions showed impairments on functions that have either been attributed to damage to these limbic structures or require coordination between these limbic structures and other brain areas. Notably, the neonatal amygdala lesions yielded significant deficits in functions associated with the amygdala, that is, emotional reactivity (Raper, Wilson, Sánchez, & Bachevalier, 2011) , fear learning and stimulus-reward associations , as well as in flexible decision-making skills requiring the interactions of the amygdala and the orbital frontal cortex . Likewise, the neonatal hippocampal lesions resulted in object and spatial relational memory loss (Alvarado, Kazama, Zeamer, & Bachevalier, 2011; Blue, Kazama & Bachevalier, 2013; Glavis-Bloom, Alvarado, & Bachevalier, 2013; Zeamer & Bachevalier, 2013 , Zeamer, Resende, Heuer, & Bachevalier, 2007 , as well as impaired working memory processes requiring the interactions between the hippocampus and the lateral prefrontal cortex (Heuer & Bachevalier, 2011 , 2013 . The observed cognitive deficits in these animals are likely associated not only to direct damage to the limbic structures but also to areal changes in the CC reflecting aberrant interhemispheric connectivity between the prefrontal, premotor, cingulate, parietal and superior temporal cortices. Such interactions may likewise subserve the widespread neural and cognitive changes generally observed in neurodevelopmental disorders, such as ASD and WS (Freitag et al., 2009; Hadjikhani, Joseph, Snyder, & Tager-Flusberg, 2006; Machado & Bachevalier, 2003; Waiter et al., 2005) .
| Potential impact of rearing conditions
It is important to note that brain maturation is influenced by both genetic factors and environmental conditions, and perturbations in either factor may affect the normal maturation of the brain. The monkeys in this study came from the same genetic pool and had similar experience from birth to adulthood; however, the environment in which they were raised may have impacted the results of this investigation. Previous studies have shown that rearing environment can have profound biobehavioral effects, including MRI measurements of the CC (Sánchez, Hearn, Do, Rilling, & Herndon, 1998) .
However, there are several reasons to suggest that the effect of our surrogate-peer rearing on the CC changes we observed in this study are not substantial. First, our surrogate-peer rearing environment is analogous to the "continuous rotation peer rearing" condition described in a systematic investigation of the effects of different nursery rearing styles (Rommeck et al., 2011) . This critical investigation found that the type of rearing environment we provided our animals produced a biobehavioral profile most comparable to that of motherreared monkeys. Second, we previously characterized the developmental trajectory of the hippocampus using the same control animals from Experiment 1 (Payne et al., 2010) . The maturational changes we observed in our surrogate-peer reared animals have been replicated in a more recent neuroimaging study using infant monkeys reared with their mothers in large social groups (Hunsaker, Scott, Bauman, Schumann, & Amaral, 2014) . The concordance between these two MRI studies suggests that the impact of our surrogate-peer nursery rearing condition on the normal developmental trajectory of the CC (Experiment 1) is unlikely or minimal. These first two points are further substantiated by the observation that the control animals in the present studies developed behavioral and cognitive skills comparable to those found in adult monkeys born and raised in semi-naturalistic environment (Bachevalier, 1990; Blue et al., 2013; , 2013 Zeamer et al., 2007; Zeamer, Kazama, Briseno, & Bachevalier, 2008) . Third, we observed differential effects of amygdala and hippocampal lesions on CC segments (Experiment 2).
If the changes in surface areas of specific CC segments were a global, unspecific result of our rearing conditions, the affected CC segments should have been similar for both types of lesions. The neonatal amygdala lesions impacted the rostral and mid-posterior body of the CC, whereas the neonatal hippocampal lesions impacted the most posterior segments of the CC. The early insult to the limbic structures affected the maturation of cortical areas with which they are interconnected, which then altered the development of the interhemispheric connections. Despite the indications that our surrogatepeer rearing environment had minimal impact on our findings, additional systematic investigation is needed to resolve this matter.
Future studies will need to replicate the maturational changes and regional differences following neonatal lesions of the limbic structures using a larger number of animals reared in more naturalistic setting.
| CONCLUSION
Together the results of the present experiments and previous characterizations of maturational changes in both humans (for review see Lenroot & Giedd, 2006) and rhesus macaques (Franklin et al., 2000; Knickmeyer et al., 2010) 
